The interface of complex oxide heterostructures sets the stage for various electronic and magnetic phenomena. Many of these collective effects originate from the precise structural arrangement at the interface that in turn governs local spin-and charge interactions.
106/107 unit cells of STO/LSAT, caused by lattice relaxation through high-temperature annealing.
Model calculations confirm the experimentally observed scattering phenomena, showing that cross-interfacial bonding is locally different at the Moiré-overlap points. Notably, the presence of such super-ordered structures in the family of 2D electron gas systems sets the ideal conditions for Moiré-motif tuned plasmonic responses and ferroelectric super-crystallinity and opens up the possibility to novel interface functionalities in these simple perovskites.
Complex-oxide heterostructures with their unique set of physical and chemical properties are of looming interest for magneto-electronic devices [1] [2] [3] [4] [5] [6] [7] [8] . Here, intrinsic material properties, such as (i) rich spin-interactions 9 , (ii) strong multiferroric character 10 and (iii) high thermal and operational stability 11 , are extended by electronic interactions at the hetero interface 8, [12] [13] [14] . Indeed, accurate interface engineering has led to a new functional repertoire 15 , including observations of quasi-2D electron gas (q-2DEG) 14, 16, 17 , charge writing 18 , resistance switching 19 , occurrence of electronic 20 and magnetic order 21 , giant thermoelectric effect 22 and colossal ionic conductivity 23 . The origins of these collective phenomena lie in site-specific spin and charge interactions [24] [25] [26] that are in turn governed by the local atomic arrangement 27 . Indeed, simple misalignment of two equal lattices induces a long-range ordered superstructure termed "Moiré-motif" that manifests itself in new collective properties, such as e.g. plasmonic minibands 28 or Moiré-excitons 29 . Precise knowledge of the atomic structure at the interface, even between seemingly equal lattices, is hence key in understanding and enhancing the collective material-system behavior.
Prominent candidates for such oxide-based heterostructures are perovskite titanates, including SrTiO 3 (STO). The strong interest in STO stems from (i) its involvement in the first report of an 3 interfacial q-2DEG 14 that is strongly linked to (ii) its high and tunable dielectric constant 30, 31 .
Quantum fluctuations of the cell-centered Ti-atom (see Fig.1a ) suppress the paraelectric to ferroelectric transition 32 , whereas these fluctuations are driven by the STO soft phonon-mode 33 . As a result, the phononic landscape determines the dielectric anisotropy and magnitude of the material. Lattice straining effects that drastically alter the respective phonon modes therefore play a crucial role in heterostructure growth of STO, leading either to (i) a polar structure 34, 35 or to (ii) suppression of lattice polarizability and strong reduction in dielectric character 31, 36 . Obtaining ideal bulk-material properties in STO films hence requires perfect relaxation of the crystalline lattice by structural decoupling from the substrate -a non-trivial task particularly for strain-susceptible nanolayered systems.
Here, we look at the interface between a nanolayer of STO grown on a (La,Sr)(Al,Ta)-oxide (LSAT) substrate -a material combination with minimal potential strain: both compounds have a cubic lattice [a STO = 3.904 Å 37 ; a LSAT = 3.869 Å 38 ] and a mismatch of only +0.93% (see Fig 1a) .
Despite this small lattice mismatch, straining from lattice matching of the grown STO layer is sufficient to initially suppress the soft phonon-mode 32, 39 . As previously shown one can recover the bulk-like phononic landscape by high temperature annealing in ambient atmosphere 32, 39 , suggesting structural relaxation of the STO nanolayer. We follow this approach and use a 54 ± 2 nm thick film of STO on LSAT [001] (see Fig. 1b for X-Ray rocking-curve scan) grown by pulsed laser deposition, followed by 12 h of annealing at 1200°C at ambient conditions 39 . We find that this heat-treatment leads to complete relaxation of the STO nanolayer, resulting in a Moiré pattern at the STO/LSAT interface. Comparison with theoretical calculations shows that this Moiré interference only occurs if the atomic bond-length at the interface varies at the overlap points. Our explanation not only help to understand recent reports of 3D supercrystalline vortex structures 40 , 4 but also implies a long-range ordered modulation of the plasmonic nature of the interfacial electron gas 41 , opening new applicative perspectives for plasmon tuneable complex oxide devices.
As structural motifs of the hetero-interface are often projected onto the sample surface 42 , we characterize the STO nanolayer morphology by atomic force microscopy (AFM). As seen in Fig.   1c , AFM shows disordered islands with 5-8 nm thickness and 146 nm mean lateral correlation length (see Supporting Figure S1 for Fourier-analysis of the AFM image). Such island-growth has been linked to segregation effects during annealing and is usually found to seed at lattice-defects, such as dislocations and/or steps [42] [43] [44] [45] . The absence of a long-range ordered island arrangement (here evidenced by disorder) hence points towards an isotropic STO nanolayer morphology decoupled from the crystallographic lattice. To obtain information on the atomic lattice strain state, we collect reciprocal space slices As shown in Fig. 2 , we observe rod-like scattering features extending along the l-axis, typical of an out-of-plane nanolayer. For L=2 and 4, oscillations at k=0 along l can be observed, corresponding to layer-thickness dependent fringes (in fact the rocking-curve in Fig. 1b is extracted from the 3D volume in Fig. 3: L=2 ). More evidently, the RSV presents two significant scattering contributions along the l-direction, from: (i) the layer (at lower l) and (ii) the substrate (at higher l). From the distance between the two scattering centers, we calculate the difference in out-of-plane d-spacing of STO and LSAT, corresponding to a mismatch of +1.07 ± 0.10 %. This value is only slightly above the theoretical prediction for a perfectly relaxed lattice (+0.93%). To understand if there exists a relation between the scattering rods and the underlying atomic lattices, we vary the in-plane index within the same (2, K, 4) family, as shown in Fig. 3a .
Remarkably, with varying k between -2 to 2, the substrate peak (at l = 4.045) and the STO peak (at l = 4.00) always fall on superstructure scattering-rods. E.g., at the (2, -2, 4) reflection, the substrate peak lies on the 2 nd scattering rod from STO, whereas increasing k to -1 translates the substrate peak to the neighboring rod. This effect becomes even clearer when looking at orthogonal projections that show the full in-plane relation (see Fig. 3b ). At all reflections, the superstructurerods form an in-plane 2D lattice with square symmetry (see Supporting Figure S2 comparison of cuts along h and k trajectories). Along h, substrate and layer peak are always spaced two scatteringrods apart (note, that H=2 for this reflection), while the substrate peak varies along k on the 2D scattering-rod-grid with increasing diffraction order. This commensurate relation between (i) atomic reflections and (ii) scattering-rods therefore strongly suggests a structural relation between (i) the atomic crystalline lattices and (ii) the formed superstructure.
In regard of the origin of the observed scattering rods, it is important to realize that the superstructure scattering pattern is seen on both the atomic substrate (LSAT) and layer (STO) peak, implying that the underlying structural feature originates from the LSAT/STO interface. [We can rule out surface topology as origin of the observed scattering rods, as we find a coherent domain size of >300 nm (see Supporting Figure S3 for corresponding peak fits), which is significantly larger than the surface features with approximately 150 nm identified by AFM (see Supporting Figure S1 ).] Further, the ratio between the STO lattice constant (3.904 Å) and the observed superstructure d-spacing (42.5 nm) corresponds to 0.92%, ideally matching the theoretical STO/LSAT lattice-mismatch of 0.93%. The observed scattering behavior hence stems from scattering interference of LSAT and the perfectly in-plane relaxed STO layer, classified as a Moiré-like motif 28, 49, 50 .
In short, such Moiré motifs appear through superposition of two (in this case square) baselattices with different periodicity !"#$$ and $#%&' , such that spatial interference gives rise to a 9 new pattern with the same symmetry but a lattice constant of "()%' = !"#$$ * /( $#%&' − !"#$$ ). [51] [52] [53] Here, these two base-lattices relate to STO and LSAT, where it takes 106 unit cells of STO and 107 unit cells of LSAT to compensate the lattice mismatch of 0.93%, yielding a Moiré lattice constant of 42.7 nm. Indeed, and as shown in Fig. 3c Fig. 4 ) likely do not coordinate in a long-range order, as we do not find any other higher-order scattering terms in the RSVs. In quantitative terms (and assuming a critical local strain of ±3%), less than 0.5% of oxide-octahedra at the interface bond coherently. This strongly suggests (i) an overall disordered interface layer that is (ii) prone to local structural defects at the interface.
The concept of Moiré-motifs also helps to understand more complex structural arrangements, spanning over three dimensions. In a recent work, V.A. Stoica, et.al. 40 domains would hence require 30.8 nm, which again ideally matches the observed 30 nm supercrystalline repetition distance. 40 The lattice mismatch therefore explains the laser-annealed formation of this three dimensionally ordered ferroelectric supercrystal and offers a route to predict and tune the superlattice dimensions, without considering complex approaches for equilibration of electrostatic interactions.
In summary, we observe near-perfect relaxation of a thin STO film grown on a low latticemismatch LSAT substrate, leading to a 2D-square Moiré-pattern. The resulting Moiré domains with approximately 40 nm relate to a commensurate 106/107 supercell relation -an unprecedented and extraordinary observation, as the here found periodicity is 3-4 times larger compared to reported (few-layer) systems 49, 50, 53, 54, 57 . This perfect lattice relaxation implies a long-range (but not short-range) ordered bonding structure at the hetero-interface, as oxygen-sharing between LSAT and STO is only feasible when the corresponding unit cells overlap. Such a locally disordered interface constitutes the ideal environment for gas-and glass-like phases such as 2D electron gas systems 1, 12, 23 : the possibility to detect and characterize the atomic order at the interface, particularly over macroscopic length-scales, will be of significant interest for design and optimization of such Angular to reciprocal space conversion of each detector pixels was done according to 13 Schlepütz, et.al. 61 . For each scan, an array of all 3D reciprocal space coordinates with the corresponding scattering intensities were interpolated onto an orthogonal, equidistant (voxel size h,k,l = 0.0005 r.l.u) 3D matrix, constituting the reciprocal space volume (RSV). The convolution product of (i) experimental accuracy and (ii) the RSV voxel size yields the effective resolution of the RSV, which in this case is h,k,l ± 0.0007 r.l.u..
Model Calculations:
Model calculations were carried out by self-written Python procedures using the CuPy package for GPU accelerated computations. A detailed description can be found in the Supporting Information -section Model Calculations.
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The following files are available free of charge.
Extended Experimental Data: Scattering intensity along h, k trajectories of the RSVs; Fourier analysis of AFM images; Details for model calculations.
